Nanostructured materials have attracted considerable interest for numerous applications, including catalysis 1 , drug delivery 2 , energy storage 3,4 and molecular sieves 5, 6 , in part because their Programming three dimensional nanostructures into materials is becoming increasingly important given the need for ever more highly functional solids. Applications for materials with complex programmed structures include solar energy harvesting, energy storage, molecular separation, sensors, pharmaceutical agent delivery, nanoreactors and advanced optical devices. Here we discuss examples of molecular and optical routes to program the structure of three-dimensional nanomaterials with exquisite control over nanomorphology and the resultant properties and conclude with a discussion of the opportunities and challenges of such an approach.
characteristic pore size can be defined over a size range similar to many macromolecules, they have a high surface to volume ratio and the pores can be chemically functionalized to modify their properities 2 .
One of the first approaches to forming nanostructured solids was based on the dealloying of a less noble metal from a bimetallic alloy. This was first shown by M. Raney in the 1920s with the discovery of Raney Ni 7 and the dealloying process has since been expanded to include systems such as Ag-Au 8 and Ni-Zn 9 . The dealloying concept is a useful strategy for creating nanostructured materials, however, it offers only limited control over pore size and geometry and the resultant pore structure is disordered.
Recently, there has been considerable progress in programming the self-assembled structure of block copolymers 10, 11 and lyotropic liquid crystals [12] [13] [14] , resulting in organic templates, which can now be used to direct the formation of nanostructured materials including ceramics, metals, semiconductors and polymers with long-range order and characteristic length scales ranging from a few to 100s of nanometers.
3D Block Copolymer Templating
3D Block copolymer templating takes advantage of phases formed by self-assembly of large macromolecules to direct the formation of inorganic phases over a broad range of sizes. Rich block copolymer phase behaviors have been observed experimentally 10, 11 and theoretically 10, 11, [15] [16] [17] and these phases have been used to template a wide variety of structures into both organic and inorganic materials, including oxide 4, [18] [19] [20] and carbon 21 monoliths as well as semiconducting [22] [23] [24] , metallic 3 and oxide 25 nanoparticle assemblies. Applications suggested to take advantage of inorganic structures templated by block copolymers include fuel cell membranes 3 , battery electrodes 26 and novel optical devices 27, 28 .
Two common pathways to program the structure of mesostructured materials using block copolymers are the isolation of the inorganic precursors within one phase of the block copolymer structure followed by conversion of these precursors to the desired mineral, and the assembly of appropriately functionalized nanoparticles within one phase of the block copolymer structure. For example, mesostructured TiO 2 and NbO 2 were formed by casting a block copolymer film from a solution of mineral precursors and the block copolymer. After heat treatment, well ordered, crystalline metal oxide films were obtained 4 .
In another example, the formation of mesostructured platinum starting from a high volume fraction of platinum nanoparticles within a block copolymer composite was recently demonstrated 3 . In this work, platinum nanoparticles, functionalized such that they were soluble in organic solvents and in one block domain of the block copolymer structure, and a block copolymer were dissolved in an organic solvent.
Upon solvent evaporation, the block copolymer directed the assembly of the platinum nanoparticles into a mesoporous structure and the block copolymer was removed or converted to carbon (Fig. 1) .
Lyotropic Liquid Crystal Templating
Lyotropic liquid crystal templating is the term typically used when a self-assembled surfactant based structure, as compared to a structure formed by a block copolymer, is used to impart a nanoscale periodic structure, typically with characteristic dimensions of 1-10 nm, into a second material phase. It is an attractive route for the synthesis of mesoporous materials due to its demonstrated potential to directly provide sub-nanometer control of the pore diameter and packing within a broad range of possible materials 29 . (Fig. 3) .
Removal of the sacrificial core by solvent etching results in a periodically mesostructured ZnS hollow sphere (Fig. 4) , with the diameter controlled by the size of the core colloid.
Gold nanoparticle containing ZnS "nanorattles" were formed by encapsulation of gold nanoparticles within the sacrificial colloidal cores followed by the subsequent mineralization of mesoporous ZnS onto this sacrificial core (Fig. 4) . For successful MHS formation, the interaction between the surface of the core template and both the lyotropic liquid crystal template and the shell precursors is crucial. Only with specific core particle surface chemistries were ZnS MHS formed 46 . It was found 
Fig. 4 TEM images of ZnS mesoporous hollow spheres (MHS) after sacrificial core etching: (a) a damaged MHS after sacrificial core etching; (b) a higher magnification image and FFT of the boxed region in (a); (c) a MHS nanocontainer containing gold nanoparticles; (d) a higher magnification image of the boxed region in (c). (Reprinted with permission from 45 . © 2005 American
Chemical Society.)
that carboxylic acid groups on the surface of the core colloids promote the high-fidelity formation of the mesoporous ZnS shells, presumably due to a combination of metal ion complexation and favorable interfacial interactions between the carboxylic acid groups and the lyotropic liquid crystal 46 .
Key elements of the programming procedure for making mesoporous hollow spheres are mild, room temperature mineralization and sacrificial core etching procedures. Biologically active nanoreactors were obtained by encapsulating an enzyme within mesoporous ZnS shells; soybean peroxidase was chosen as a model enzyme since it is larger than the 3 nm pores in the ZnS shells and thus even after removal of the silica cores, the enzyme remained encapsulated 44 (Fig. 5 ). Small molecules were demonstrated to still be able to permeate the mesoporous wall, while large molecules were efficiently excluded (Fig. 5 ).
In a second example, silica MHS were synthesized and the controlled release of flurbiprofen from these structures was studied 42 . In this work, the acid catalyzed condensation of tetraethyl orthosilicate and 3-aminopropyltrimethoxysilane was templated by a lyotropic liquid crystal during ultrasonication, which created amphiphile stabilized bubbles; the MHS formed around these bubbles. After synthesis, flurbiprofen was loaded into the silica MHS. Most of the flurbiprofen released by the silica MHS occurred over 24 hours, compared to days for mesoporous silica; the authors propose it will be possible to control the release profile of the drug through surface functionalization of amine groups on the silica MHS surfaces 42 .
Emulsion Templating
Although not central to this review given the low degree of "programming" currently possible via emulsion templating, it is worth including a short discussion of this approach. Emulsions, 
Optically Directed Synthesis of Nanostructured Materials
In many cases, self-assembly, even of rather complexly designed macromolecules, can not program the required structure for a given application and a different approach is needed. In particular, a number of unique optical interference approaches have been applied to program the structure of 3D solids with ever increasing complexity over length scales first theorized the possibility of creating 3D nanostructures using 
Fig. 5 (a) Schematic representation of the interaction between different molecular species and the mesoporous ZnS shell: (i) Amplex

Phase Mask Interference Lithography
In order to control the three-dimensional nanostructures created by interference lithography, it is important to regulate the polarization, power, geometry and the number of laser beams. This can be rather complex, so rather than a many beam laser setup, it is attractive to use a phase mask to generate the multiple interfering beams, an approach termed proximity field nanopatterning 63 . In this method, relief structures are formed into a transparent elastomeric mask, which is placed into conformal contact with a photoresist. Upon exposure, the relief structures in the elastomeric phase mask cause light diffraction and subsequent interference within the photoresist 64 . In a variant of this approach, the photoresist is directly imprinted with a relief structure, the mask is removed and similar results are achieved 65 . This method has the ability to create nanoscale features in 3D using only a simple 1-step exposure process. Theoretically, almost any 3D structure can be programmed through design of the phase mask; however, current limitations in the design of phase masks have prevented this.
Direct 3D Optical Patterning of Inorganic Materials
Pure have been formed through multiphoton direct laser writing, a process whereby the focal point of a highly focused, pulsed laser is rastered in 3D throughout the interior of the inorganic photoresist in a predefined 3D
pattern, followed by development of the unexposed material (Fig. 7) .
It has now been demonstrated that PMSSQ-based resists can be patterned via one-and two-photon proximity field nanopatterning resulting in a wide variety of periodic nanoscale structures with high thermal stability and low dielectric constant 70 . Examples of these structures can be seen in Fig. 8 . There is every reason to believe the optical interference based patterning approaches can be extended to other photosensitive glasses such as the ones discussed here.
Holographically Triggered Polymerization Induced Phase Separation
Optical interference can program structures of increasing complexity through careful design of the photosensitive media. For example, complex nanostructures can be formed by optically triggering a phase separation of a two or more component system using interfering beams of light. Usually a monomer begins to polymerize in the high intensity regions of the interference pattern while the second phase sequesters into the low intensity regions. The most widely investigated example of this process are holographic polymer dispersed liquid crystals (HPDLCs), which start as a homogeneous mixture of monomer, free-radical photoinitiator and liquid crystal 74 . Upon optical exposure, the monomer begins to polymerize in the regions of constructive interference, which reduces the solubility of the liquid crystal in those areas. This causes the liquid crystal to sequester into droplets in the regions of destructive interference. The exact morphology and connectivity of these droplets is a function of both the exposure conditions and material system. The unfunctionalized particles tended to stay within the low intensity, liquid crystal regions as predicted, but the particles functionalized with MPTMS and PTES had a tendency to remain in the polymer rich or high intensity regions of the sample. It should also be noted that the PTES particles were agglomerated in the polymer rich regions, while the MPTMS functionalized particles were well dispersed throughout the polymeric volume. This result can be seen in Fig. 10 .
Interference Lithography with Nanoparticles
Reactive functionalization of nanoparticles within a system that phase separates upon polymerization, therefore, offers a means to program 
